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摘要 
催化是自然界中普遍存在的重要现象，是化学学科中极为重要的研究方向。
深刻理解催化反应的机制是有效设计催化剂和调控反应历程的重要基础。然而，
作为最为重要的多相催化剂，负载型的纳米颗粒催化剂的结构复杂，传统的制备
方法无法得到均一的反应活性中心。因此，在传统的多相催化体系中，催化的分
子机制往往很难被深入理解。 
单原子分散催化剂所有的活性中心均暴露在反应环境中且结构均一，使单原
子分散催化剂具有优异的催化活性、选择性和特殊的催化能力，为催化机理研究
提供了理想的模型体系。因此，单原子分散催化剂在近十年来越来越引起了人们
的关注。但目前单原子分散催化剂研究领域仍存在两大问题。其一，活性组分的
负载量较低，使催化剂难以被表征，也难以走向实际应用；其二，对于单原子分
散催化剂在反应体系中的作用理解不深。在催化机制研究方面，大多数报道直接
沿用传统催化剂的催化机理。 
第一章将从传统的负载型纳米催化剂出发，引出单原子分散催化剂的特点和
优势，并总结了文献中报道的单原子分散催化剂合成的现状，最后阐述了本论文
的选题依据和研究内容。本论文旨在突破当前单原子分散催化剂金属负载量低的
瓶颈，发展新的合成策略，以深入理解多相催化剂的催化分子机制，为催化材料
的精准调控制备提供理论基础。主要研究结果如下： 
第二章：以超薄二维二氧化钛作为载体发展了一种使用紫外光照制备单原子
分散钯催化剂的有效合成策略。由于选用的二氧化钛载体具有大比表面积和正值
表面电位，通过静电吸附，钯负载量可以高达 1.5wt%。结合球差矫正高分辨透
射电镜，X 射线吸收光谱等先进表征手段和密度泛函理论计算，证实了钯以单原
子形态分散的结构特点。所合成的钯催化剂在碳碳双键的催化加氢反应中不仅展
示出高稳定性，而且活性是钯纳米颗粒的 9 倍以上（以单位表面原子计算）。 
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第三章：研究了紫外光照法制备单原子分散钯催化剂的反应机制。通过使用
电子顺磁共振谱证实了紫外光照的作用在于将二氧化钛表面乙二醇基激发生成
乙二醇自由基，后者不仅有利于钯上氯离子的脱除，还可通过 Pd-O 键将钯原子
锚定在载体上，形成了独特的“钯-乙二醇-二氧化钛”的界面。通过设计分步法制
备单原子分散的钯催化剂，进一步说明了乙二醇自由基帮助钯表面氯的脱除过程。 
第四章，研究了单原子分散钯催化剂具有高催化活性的结构机制。理论计算
表明，氢气在单原子分散钯催化剂上采用了界面异裂活化方式，同时生成了 Pd-H
和 O-H 物种。氢气异裂的活化机制通常发生在金属有机配合物作为催化剂的均
相加氢催化体系中，在非均相贵金属催化剂上鲜有报道。理论预测 O-H 上的氢
转移是加氢过程的速控步骤，并得到了同位素动力学实验和谱学实验的证实。氢
气在单原子分散钯催化剂上的异裂活化也极大地提高了催化剂在极性不饱和键
（如碳氧双键）加氢反应中的催化活性（>55 倍）。 
第五章：时至今日，单原子分散催化剂能否催化一氧化碳氧化，尤其是低温
下(100oC 以下)是否具有活性仍是一个存在争论的问题。通过研究灼烧对催化剂
的结构影响，证实了单原子分散钯催化剂对一氧化碳催化氧化具有低温催化活性。
灼烧后的单原子分散钯催化剂的活性比灼烧前的催化剂高四倍左右。通过电子顺
磁共振谱的表征，确认了超氧物种在特殊的钯-超氧-钛界面形成，并直接参与了
一氧化碳催化氧化反应。 
第六章：紫外光照法在其他体系中的拓展，如 P25 上直接光照负载单原子分
散的钯。但这一尝试制备的催化剂负载量较低，与文献报道的催化剂在同一水平。 
 
 
关键词：单原子分散催化剂；单原子；模型催化；界面控制；钯催化剂
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Abstract 
Catalysis is essentialin nature and a central issue in chemistry. Understanding the 
molecular mechanism during catalytic process is the fundamental to design catalysts 
and manipulate reactions.However, for traditional heterogeneous catalysts based on 
supported nanoparticles, the complexity of the structure makes it impossible to study 
reaction mechanism on molecular level.  
As a new class of catalysts, atomically dispersed catalysts have been attracting 
numerous research interests. Due to the uniform structure of the active sites dispersed 
on the surface, atomically dispersed catalysts showed unique catalytic performances 
that were different from tranditional catalysts. Nevertheless, two major challenging 
issues remain in the field of atomically dispersed catalysts: (i) To ensure the loading 
content high enough for practical applications while maintaining the metal centers as 
individual sites under catalytic conditions; and (ii) to address whether atomically 
dispersed catalysts offer distinguished active sties and/or undergo different catalytic 
pathways from conventional metal catalysts. 
Therefore, we made research efforts on developing new syntheticstrategy to 
prepare atomically dispersed catalyst that are with large loading content and stay 
stable during reaction. Main results are shown as follows. 
Chapter1.Starting from tranditional heterogeneous catalysts based on supported 
nanoparticles, we brought out the importance of preparing atomically dispersed 
catalysts. By reviewing references, we summarized the status quo of synthesis 
strategy and current understanding on atomically dispersed catalyst. 
Chapter 2. By using ultrathin TiO2 as support, we developed a UV-assisted 
strategy prepare atomically dispersed Pd catalyst. Due to its large surface area and 
positive surface potential, the support allowed the adsorption of Pd precursor as much 
as 1.5% in weight. X-ray absorption spectra, infrared spectra and 
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aberrationcorrection-STEM experiments confirmed the sole presence of Pd as single 
atoms. The calculated TOF value of Pd1/TiO2 was more than 9 times greater than that 
of surface Pd atoms on the Pd/C catalyst. 
Chapter 3. We investigated the reaction mechanism during catalysts preparing. 
By using electron spin resonance, a unique signal attributed to ethyl glycol radials was 
observed. The EG radicals were formed during UV treatment and functioned as a 
promoter to remove Cl from Pd atoms. A stepwise synthesis process was designed to 
prove the mechanism we proposed. 
Chapter 4. We investigated the reason for the high catalytic activity of 
atomically dispersed Pd catalyst. Different from homolytic dissociation to H atoms, 
Pd1/TiO2 activate H2 in a heterolytic way. One of the H atoms moved to nearby 
oxygen on EG to yield O-Hδ+, leaving the other H atom on Pd as Hδ-. Isotopic 
experiments were comducted to prove the mechanism. Due to the unique H2 
activation pathway, Pd1/TiO2also performed well in the catalytic hydrogenation of 
aldehydes. 
Chapter 5. Hitherto, are atomically dispersed catalysts active of CO oxidation, 
especiallyless than 100 degree is still a debate. We discoved the high activity of 
atomically dispersed Pd of calcined Pd1/TiO2in CO oxidation. By using electron spin 
resonance, we revealed that superoxide ions were presence on the special Pd-O2-Ti 
interfaces and were responsible for such a high activity. 
Chapter 6. We developed the UV-assisted anchoring strategy in other systems, 
for instance Pd/P25. 
 
Key words: atomically dispersed catalysts; single atoms; model catalysts; interface 
control; palladium catalysts 
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